Metal-Insulator Transition and Spin Degree of Freedom 
in Silicon 2D Electron Systems 
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Magnetotransport in 2DES's formed in Si-MOSFET's and Si/SiGe quantum wells at low temper- 
atures is reported. Metallic temperature dependence of resistivity is observed for the n-Si/SiGe 
sample even in a parallel magnetic field of 9 T, where the spins of electrons are expected to be po- 
larized completely. Correlation between the spin polarization and minima in the diagonal resistivity 
observed by rotating the samples for various total strength of the magnetic field is also investigated. 
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Metallic temperature dependence of resistivity at a 
zero magnetic field has been observed in two-dimensional 
electron systems (2DES's) in Si-MOSFET's ||,| and 
other 2D systems ^-g] characterized by strong Coulomb 
interaction between electrons (or holes) |^]. In experi- 
ments on Si-MOSFET's, it was found that a magnetic 
field applied parallel to the 2D plane can suppress the 
metallic behavior [p|-pT[. This result indicates that the 
spins of electrons play an important role in the metallic 
region as well as in the insulating region | [l^ , p^ . 

The parallel magnetic field By does not couple the 
orbital motion of electrons within the 2D plane, but it 
changes the spin polarization of the 2DES. The spin po- 
larization can be defined as p — (iV| — Ni)/Ns, where 
7V| and N^ are the concentrations of electrons having 
an up spin and a down spin, respectively, and Ng is the 
total electron concentration {Ng = N^ -\- Ni). p is ex- 
pected to increase linearly with the total strength Btot 
(= i3||) of the magnetic field. We have p — Btot/ Be for 
p < 1 and Be — inh Ns/ iiBgvgFhiTiFL if the system can 
be considered as Fermi liquid. Here, IjLb{= he/2me) is 
the Bohr magneton and the valley degeneracy g^ is 2 on 
the (001) surface of silicon. The strong e-e interaction 
is expected to change the effective g-factor gpL and the 
effective mass mpL from g* — 2.0 and rn* = 0.19?ne in 
the non-interacting 2DES in a (001) silicon surface. 

In the present work, we use two n-type silicon samples. 
A Si-MOSFET sample denoted Si-M has a peak electron 
mobility of ^pcak = 2.4 m^/V s at A^s = 4 x lO^^m"^ and 
T = 0.3 K. The estimated Si02 layer thickness is 98 nm. 
A Si/SiGe sample denoted Si-G was grown by com- 
bining gas-source MBE and solid-source MBE. Details 
of the growth and characterization have been reported 
elsewhere ||lj,|l5|. The thickness of the strained silicon 
channel layer is 20 nm. It is sandwiched between re- 
laxed Sio.8Geo.2 layers and separated from a Sb-(5-doped 
layer by a 20 nm spacer. The electron concentration Ns 
can be controlled by varying the substrate bias voltage 
above 20 K. It has a high mobility of ^ = 66 m^/V s 
(at zero substrate bias voltage) 
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FIG. 1. (a) The enhancement factor 

a — ((;fl/(7*)/(tofl/771*). (b) Temperature dependence of 
the Shubnikov-de Haas oscillation at Btot = B± — 0.8 T. (c) 
The enhancement factor for the effective mass {— mpL/m*). 



and T — 0.36 K. The samples were mounted on a ro- 
tatory thermal stage in a pumped '^He refrigerator or 
in a '^He-^He dilution refrigerator together with a GaAs 
Hall generator and resistance thermometers calibrated in 
magnetic fields. 

In Ref. UM, some of the present authors have de- 
termined the product of gpL and tofl in Si-M from 
the low-temperature Shubnikov-de Haas oscillations in 
tilted magnetic field based on work of Fang and 
Styles llfl]. The obtained enhancement factor a = 
<?FL"iFL/0.38me is shown in Fig. Ba) as a function of 
Ts = n^^^{e/hy{m* /tieo)Ns~^^'^. Ts is a dimensionless 
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FIG. 2. Solid line represents Be for Si-MOSFET's calcu- 
lated using (fy) (see text). Open circles are determined from 
the kink that appears in the p vs Sy curve for Si-G as shown 
in the inset. 



parameter indicating the ratio of the Coulomb energy to 
the Fermi energy. Here, m* — 0.197TT.e and the relative 
dielectric constant k = 7.7 are used. The dashed line 
represents calculation based on Ref. ^\. The previous 
experiment could not determine a for the low-A'^s region, 
while the metallic behavior was clearly observed in this 
sample for 1 < Nsi^^^^^^"^) < 2 0. We assume a 
simple extrapolation function 



a-\ = 0.2212r, + 0.003973r,. 



(1) 



represented by the solid line in Fig. |l|(a). 

Fig. 0(b) shows typical temperature dependence of 
the Shubnikov-de Haas oscillation in a perpendicular 
field of 0.8 T. The effective mass roughly estimated is 
plotted in Fig. H(c). The effective g-factor is expected 
to be also enhanced by the e-e interaction since a = 
(^g¥\,lg*)l(jn-p\,lm*) in Fig. |l|(a) is larger than vn-pi^jra* . 

The critical magnetic field B^ — I-kIi Ng/ fiBgvgphm'Fh 
for the complete spin polarization is calculated using dl^) 
and shown as the solid line in Fig. pi It was found 
that the low-temperature resistivity of Si-MOSFET's in- 
creases with the parallel magnetic field and it saturates at 
high fields P, [10Hl2|jl^ . The saturation has been related 
with the complete spin polarization at Be |ll[. Simi- 
lar magnetoresistance is also observed in Si-G, while the 
B = resistivity is much smaller than that reported 
for Si-MOSFET's. Typical data are shown in the in- 
set to Fig. g. A sharp kink is observed at 4.8 T. The 
critical magnetic field in Si-G determined from the kink 
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FIG. 3. Temperature dependence of resistivity of Si-G at 
Ns — 1.03 X lO^^m"^ in a zero magnetic field and a parallel 
magnetic field of 9 T. The inset shows the data for Si-M at 
N, = 1.11 X lO^V-^ 



(open circles) is slightly higher than the solid line for Si- 
MOSFET's. We consider that the deviation arises from 
the difference in the effective dielectric constant in the 
proximity to the interface. 

Figure ra shows temperature dependence of the resistiv- 
ity. The metallic temperature dependence [dp/dT > 0) 
in a zero magnetic field is observed in Si-G as well as in 
Si-M. The temperature dependence of p in Si-M changes 
to insulating in a parallel magnetic field (see the inset) 
as reported on other Si-MOSFET's 1,0. On the other 
hand, the metallic temperature dependence is observed 
for Si-G even at B\\ = 9 T, where the spins of electrons 
are expected to be polarized completely. The result in- 
dicates that the metallic behavior can appear even if the 
spin degree of freedom is limited. 

Tilting the 2DES samples from the plane parallel to the 
magnetic field, one can apply the perpendicular compo- 
nent _Bx of the magnetic field independently of the total 
strength i^tot- Measurements on p^x in the low-_B^ re- 
gion for various fixed values of Btot using Si-M have been 
reported in Ref. ||ll| . Unlike ordinary Shubnikov-de Haas 
oscillations which show p^x minima at fixed points with 
N^/Ns = integer"^ {N^ = eB±/h), the N^/N^ values at 
the pxx minima depend on the total strength Btot- 

Similar behavior was also observed for Si-G ||l^. In 
Fig. ^, the positions of the pxx minima for Si-M and Si-G 
are shown. Btot is normalized by Be presented in Fig. 0. 
All the data are distributed along the solid line or the 
dashed line. The value of N^/Ng increases linearly with 
Btot/ Be for Btot/Bc < 1, but saturates for Btot/Bc > 1 
where the spin polarization is expected to be completed. 

We link this behavior to the concentration N-^ of elec- 
trons having an up spin. Assuming that a change in p 
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FIG. 4. Positions of the p^ji, minima for different values 
of N, in Si-M (Ref. Q) and Si-G are plotted. Solid line 
represents N-[/N^ = 4. Dashed line represents N^ /N^ = 6. 
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by N^/Ns is negligible in the low-iV^/A^s region, we have 
N^/N, = (l+Btot/S,)/2 for Btot/B, < 1 and N^/N, = 1 
for Btot/Bc > 1. The number of "spin-up" electron per 
flux quantum takes constant value of N^/N^ = 4 on the 
solid line or N^/N^ = 6 on the dashed line. 

The data plotted in Fig. ^ have been obtained in the 
metallic region and the insulating region. The resistiv- 
ity at Bj. = ranges from 10^ fl to 10^ n [0jl|]. An 
interpretation based on the Shubnikov-de Haas oscilla- 
tion seems to be hard to apply for the high resistivity 
region since the Landau level separation is considered to 
be entirely smeared out by the level broadening [TI| . We 
believe that the pxx minima linked with N^ is inherent in 
the strongly correlated electron systems which show the 
metal-insulator transition. 

In summary, we have studied the magnetotransport 
in 2DES's formed in silicon inversion layers using two 
samples having quite different electron mobilities. Pos- 
itive temperature dependence of the resistivity was ob- 
served for a Si/Sio.8Geo.2 quantum well even in a parallel 
magnetic field of 9 T, while the strong parallel magnetic 
field eliminates the metallic behavior in Si-MOSFET's. 
We also investigated the pxx minima observed in the 
S^-dependence. It was related to the concentrations of 
"spin-up" electrons. 
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